Background: Proper regulation of DSB resection is key to genome maintenance. Results: 14-3-3s bind to Exo1 and restrain its damage association and resection activity by counteracting the function of PCNA. Conclusion: Exo1 activity is controlled by both positive and negative regulators to ensure a proper level of DNA end resection. Significance: Our data reveal a key mechanism that controls the DNA end resection process.
The DNA end resection process dictates the cellular response to DNA double strand break damage and is essential for genome maintenance. Although insufficient DNA resection hinders homology-directed repair and ATR (ataxia telangiectasia and Rad3 related)-dependent checkpoint activation, overresection produces excessive single-stranded DNA that could lead to genomic instability. However, the mechanisms controlling DNA end resection are poorly understood. Here we show that the major resection nuclease Exo1 is regulated both positively and negatively by protein-protein interactions to ensure a proper level of DNA resection. We have shown previously that the sliding DNA clamp proliferating cell nuclear antigen (PCNA) associates with the C-terminal domain of Exo1 and promotes Exo1 damage association and DNA resection. In this report, we show that 14-3-3 proteins interact with a central region of Exo1 and negatively regulate Exo1 damage recruitment and subsequent resection. 14-3-3s limit Exo1 damage association, at least in part, by suppressing its association with PCNA. Disruption of the Exo1 interaction with 14-3-3 proteins results in elevated sensitivity of cells to DNA damage. Unlike Exo1, the Dna2 resection pathway is apparently not regulated by PCNA and 14-3-3s. Our results provide critical insights into the mechanism and regulation of the DNA end resection process and may have implications for cancer treatment.
The integrity and stability of the cellular genome is safeguarded by sophisticated DNA damage surveillance and repair systems. DNA double strand breaks (DSBs) 2 are one of the most dangerous types of DNA damage, which, if left unrepaired or misrepaired, could lead to genomic instability, immunodeficiency, cancer, and premature aging (1, 2) . In response to DSBs, cells activate a DNA damage response system with two major components, DNA repair and cell cycle checkpoints, which are both controlled by the process of 5Ј-to-3Ј DNA resection to produce a single-stranded DNA (ssDNA) structure at the ends (3) (4) (5) . A DSB can be repaired by nonhomologous end joining or by homologous recombination (HR). Although DNA end resection promotes HR, it averts nonhomologous end joining (6, 7) . The checkpoint response induced by DSBs coordinates DNA repair with other cellular processes (e.g. the cell cycle) or promotes cell death or senescence when the damage is too severe (8, 9) . Induction of the checkpoint response is dependent on the activation of two related protein kinases, ATM and ATR. When activated, these kinases initiate downstream responses to DNA damage by signaling through protein phosphorylation cascades (10, 11) . Although DNA end resection promotes ATR activation, it attenuates ATM activation (12) (13) (14) . Therefore, DSB resection plays a pivotal role in determining the mode of the overall DNA damage response.
A two-step model has recently been proposed for DSB resection, consisting of an initial endonucleolytic cleavage to generate short 3Ј overhangs followed by extended resection to enable repair by HR and ATR checkpoint activation. DNA resection is believed to be initiated by MRX/MRN and Sae2/CtIP, which mediate the endonucleolytic cleavage of the 5Ј strand at the DNA break. Although this endocleavage step is not absolutely required to resect DSBs with "clean" ends, it is essential for the resection of DSBs with 5Ј ends that are blocked by covalently linked proteins or chemical adducts. Extended, long-range resection is carried out by two nucleases, Exo1 and Dna2 (15) (16) (17) (18) . Although insufficient resection hinders HR and ATR checkpoint activation, excessive resection by these nucleases can have deleterious consequences because ssDNA is more prone to degradation and breakage of the 3Ј strand DNA could cause loss of genetic information (19) . Furthermore, persistent checkpoint signaling induced by excessive ssDNA could lead to cell death (20) . Therefore, mechanisms to prevent overresection must exist to prevent genomic instability, but little is known about how the extent of DNA resection is controlled properly.
To address this issue, we investigated the regulation of the Exo1-mediated resection pathway. Exo1 is a member of the RAD2 family of nucleases that plays a crucial role in DNA replication, recombination, repair, and checkpoint activation. Its function has been implicated in a wide range of biological processes, including genome maintenance, meiosis, and telomere regulation as well as class switch recombination and somatic hypermutation in lymphocytes (21, 22) . Although Exo1 deficiency causes defects in DNA repair and meiosis and an elevated susceptibility to cancer (23, 24) , inappropriately higher levels of Exo1 activity could also have detrimental effects. Consistent with this notion, deletion of Exo1 in yeast or mice reverses the phenotypes caused by loss of function of Cdc13 or telomerase (which results in uncapped or dysfunctional telomeres), including cell survival and life span (25) (26) (27) . Deletion of Exo1 in yeast also rescues the replication fork instability and DNA damage sensitivity caused by functional disruption of Rad53 (28 -30) . These observations suggest that Exo1 activity is normally restrained to prevent overresection of DNA breaks. However, the mechanisms for regulating Exo1 activity are unclear. In this study, we characterized Exo1 damage recruitment and resection activity using cultured human cells and Xenopus egg extracts. Our results indicate that a central region of Exo1 negatively regulates its damage recruitment and subsequent DNA end resection. The function of the central region is mediated by 14-3-3 proteins, which directly bind to this region. The interaction between Exo1 and 14-3-3s has been reported recently. However, the functional consequences of this interaction for DNA end resection have not been measured (31, 32) . We show that 14-3-3 interaction limits Exo1 damage association and resection activity, in part by suppressing the positive regulator PCNA from binding to the C terminus of Exo1 (33) . We also show that negative regulation of Exo1 by 14-3-3s is important for cell survival after DNA damage.
EXPERIMENTAL PROCEDURES
Plasmids, Antibodies, and Chemicals-GFP-tagged or FLAGtagged wild-type or mutant Exo1 expression constructs in the pEGFP-C1 or pCAG07 vector were generated through PCR and site-directed mutagenesis. To generate human Exo1 baculoviral expression constructs, DNA sequences encoding C-terminally His-tagged Exo1(WT), Exo1(⌬CR), Exo1(D173A), and Exo1(⌬CR-D173A) were inserted into the Gateway donor vector pDONR221 and then into pDEST8 through BP and LR recombination reactions, respectively, according to the protocols of the manufacturer (Life Technologies). To generate mCherry-Difopein(WT) and mCherry-Difopein(MUT), DNA fragments encoding wild-type Difopein (SADGA PHCVP RDLSW LDLEA NMCLP GAAGL DSADG APHCV PRDLS WLDLE ANMCL PGAAG LE) or its mutant form (SADGA PHCVP RDLSW LKLKA NMCLP GAAGL DSADG APHCV PRDLS WLKLK ANMCL PGAAG LE) were chemically synthesized (Genewiz) and inserted into pmCherry-C1. The same sequences were inserted in pGEX4T2 to generate GST-Difopein(WT) and GST-Difopein(MUT) expression constructs. His-xDna2(1-712) was generated through PCR cloning. His-PCNA in pET28a(ϩ), shExo1-1, and shExo1-2 in pLKO.1 have been described before (33, 34) . All constructs were verified by sequencing. Primer sequences are available upon request. Xenopus Dna2 antibodies were raised in rabbits against a bacterially expressed His-tagged fusion protein containing the N-terminal 712 amino acids of xDna2. Xenopus Exo1 and PCNA antibodies have been described previously (33) . Human Exo1 antibodies were generated in rabbits, in collaboration with Millipore, against residues 533-548 (KENNLHESE-YGDQEGK). Anti-FLAG (Sigma, catalog no. F1804), anti-His (LifeTein, catalog no. LT0426), anti-14-3-3 (Cell Signaling Technology, catalog no. 8312), anti-GFP (Clontech, catalog no. 632569) and anti-mCherry (BioVison, catalog no. 5993-100), anti-RPA (Bethyl, catalog no. A300-244A), and anti-pS4/S8-RPA (Bethyl, catalog no. A300-245A) antibodies were purchased from the respective vendors. Camptothecin (catalog no. C9911) was purchased from Sigma.
Cell Culture, Transfection, Laser Microirradiation and Livecell Imaging, and Clonogenic Assay-Human U2OS and HEK293T cells were cultured in DMEM with 10% FBS at 37°C with 5% CO 2 . Plasmid DNA was transfected into U2OS and HEK293T cells using TransIT-LT1 (Mirus) transfection reagent according to the protocols of the manufacturer. A customized laser microirradiation and live-cell imaging system has been described before (33, 35) . A lower laser power than that used in Ref. 33 was used in this study to better reveal the differences between various Exo1 protein fragments. To determine DNA damage sensitivity using the clonogenic assay, 1000 cells were plated on 10-cm dishes. Twenty-four hours after plating, cells were treated with dimethyl sulfoxide or camptothecin for 3 h. After 2 weeks of culturing, cell colonies were stained with crystal violet (0.2% in 50% methanol, 30 min), destained with H 2 O, and counted.
Xenopus Nuclear Extract, Immunodepletion, Immunoprecipitation, Immunoblotting, and DNA Binding Assay-Xenopus nucleoplasmic protein extract (NPE) was prepared from synthetic nuclei assembled in crude egg extract as described previously (36) . To deplete xExo1 from the Xenopus NPE, 10 l protein A-agarose beads coupled with 40 l of xExo1 antiserum, xDna2 antiserum, or both xExo1 and xDna2 antiserum were incubated with 50 l of extract for 45 min at 4°C. Beads were then removed from the extract by low-speed centrifugation (5000 rpm, 1 min) in a desktop microcentrifuge. The extract supernatant was then subjected to two additional rounds of depletion under the same conditions. Coimmunoprecipitation experiments in human HEK293T cells for assessing proteinprotein interactions were performed essentially as described previously (33) . Briefly, cells expressing the various proteins indicated in Figs. 2, A and B, and 3, A and B, were washed once with ice-cold PBS and lysed in cell lysis buffer (20 mM Tris-HCl (pH 8.0), 1 mM EDTA, 150 mM NaCl, 0.5% Nonidet P-40, and 1 mM PMSF) for 1 h at 4°C. The cell lysate was then centrifuged at 12,000 rpm for 15 min, and the supernatant was incubated with protein A-Sepharose beads prebound by anti-GFP antibodies or with anti-FLAG M2-conjugated Sepharose (Sigma) for 2 h at 4°C. Beads were washed three times with the same lysis buffer, and the immunoprecipitates were eluted with protein sample buffer followed by SDS-PAGE. For coimmunoprecipitation of endogenous 14-3-3s and xExo1 in the Xenopus extract shown in Fig. 6 , 10 l of protein A-Sepharose beads prebound with 2 l anti-xExo1 antiserum or control rabbit antiserum were incubated with 50 l of nuclear extract at 4°C for 2 h. Beads were then washed three times with the cell lysis buffer described above, and the proteins bound were eluted with protein sample buffer followed by SDS-PAGE. Immunoblotting was performed using DyLight 800-and DyLight 680-conjugated secondary antibodies (Pierce) and an Odyssey infrared imaging system (LI-COR Biosciences), as described previously (33) .
To compare the damage association of Exo1(WT)-His and Exo1(⌬CR)-His in Xenopus extracts, a one-end 5Ј biotinylated, 2-kb dsDNA fragment was generated by PCR with a 5Ј biotinylated primer. The DNA fragment immobilized on 3-l streptavidin magnetic beads (1 g of DNA/l beads) was incubated with 10 l of NPE that was depleted of endogenous xExo1 and supplemented with 1.25 M Exo1(WT)-His or Exo1(⌬CR)-His recombinant proteins. After 5 min of incubation at room temperature, beads were washed six times each with 200 l of egg lysis buffer (250 mM sucrose, 2.5 mM MgCl 2 , 50 mM KCl, 10 mM HEPES (pH 7.7)) supplemented with 1% Triton X-100, and DNA-associated proteins were eluted with protein sample buffer, followed by SDS-PAGE and Western blotting.
Recombinant Protein Expression and Purification-Recombinant, C-terminally His-tagged Exo1(WT), Exo1(D173A), Exo1(⌬CR), and Exo1(⌬CR-D173A) were expressed in Sf9 insect cells using a Bac-to-Bac baculovirus expression system with Gateway Technology (Life Technologies) according to the protocols of the manufacturer. Briefly, His-tagged Exo1 and its mutants were cloned into the Gateway donor vector pDONR221 through PCR and BP recombination and then transferred into pDEST8 through LR recombination. Subsequently, the destination vectors expressing Exo1 and its mutants were used to transform DH10Bac Escherichia coli cells that contain a baculovirus shuttle vector and a helper plasmid to generate recombinant bacmid DNA. After verifying the inserts via a PCR-based approach, the bacmids were transfected into Sf9 cells using Cellfectin II transfection reagent (Life Technologies) to produce recombinant baculoviruses. After two rounds of amplification in Sf9 cells, the medium containing baculoviruses were used to infect Sf9 cells for 72 h to produce recombinant proteins. His-tagged PCNA, and GST-tagged Difopein(WT) and Difopein(MUT) were expressed in the E. coli strain BL21(DE3). All His-tagged and GST-tagged proteins were affinity-purified using HisPur cobalt resin (Pierce) and glutathione-agarose beads (Pierce), respectively, according to the protocols of the manufacturer. Purified proteins were dialyzed in PBS containing 10% glycerol, frozen in liquid nitrogen, and stored at Ϫ80°C.
DNA Substrate Labeling and DNA End Resection in Xenopus Extracts and with Purified Proteins-The 3Ј 32 P-labeled, 6-kb DNA substrate for resection was prepared as described previously (33) . A typical resection reaction in the Xenopus extract contained 6 l of treated or untreated NPE (immunodepletion and/or addition of recombinant proteins) supplemented with an ATP regenerating system (2 mM ATP, 20 mM phosphocreatine, and 5 g/ml creatine phosphokinase) and 1.5 l of radiolabeled DNA substrate (2 ng/l). In a typical in vitro resection reaction, 30 nM Exo1-His (or as indicated otherwise) and 2 ng/l radiolabeled DNA substrate were incubated in the reaction buffer (20 mM Hepes (pH 7.5), 50 mM KCl, 0.5 mM DTT, 5 mM MgCl 2 , and 5% glycerol) at room temperature. Following incubation, 1.5-l reactions were stopped at the indicated times by incubation with 10 l of stop buffer (8 mM EDTA, 0.13% phosphoric acid, 10% Ficoll, 0.2% bromphenol blue, 0.5% SDS, and 80 mM Tris-HCl (pH 8.0)) supplemented with proteinase K (2 g/l) for 2 h at 37°C. Samples were then resolved on 0.8% TAE-agarose gels overnight, followed by gel drying and autoradiography as described previously (33) .
RESULTS
The Central Domain of Exo1 Negatively Regulates Association with Sites of DNA Damage-In response to DSBs, Exo1 is recruited to damage sites to resect the DNA ends and generate ssDNA that promotes the activation of HR and the ATR checkpoint (5) . To determine how Exo1 damage recruitment is controlled in cells, we transfected human U2OS cells with wildtype or truncated Exo1 fused to GFP. A laser microirradiation method was used to introduce DNA damage in transfected cells, followed by live cell imaging of the recruitment of GFP-Exo1 fusion proteins to the sites of DNA damage. Using this approach, we previously identified a PCNA-interacting protein box in the C terminus of Exo1 (amino acids 750 -846) that promotes the stable association of Exo1 with damaged DNA (33) . Correspondingly, the GFP-Exo1(1-750) protein lacking the PCNA-interacting protein box exhibited a very low level of damage association compared with the GFP-Exo1 full-length protein ( Fig. 1) (33) . Interestingly, further deletion of the central region spanning Exo1 residues 508 -750 partially restored the damage association activity. As shown in Fig. 1 , the truncated GFP-Exo1(1-507) mutant was rapidly and efficiently recruited to damage, with a peak signal even stronger than that of GFP-Exo1(WT). However, association of GFP-Exo1(1-507) with damage was very transient in comparison with GFP-Exo1(WT). An Exo1 fragment containing both the central region and the C-terminal PCNA-interacting domain (Exo1(508 -846)) also exhibited much reduced damage association compared with the C-terminal domain alone (Exo1(751-846)) ( Fig.  1 ). Although the central region (CR) itself did not localize to damage, a deletion of this region from the full-length Exo1 (Exo1(⌬CR)) protein dramatically increased the extent and duration of the association of Exo1 with DNA damage (compare the damage association of GFP-Exo1(WT) and GFP-Exo1(⌬CR) in Fig. 1 ). Taken together, these results indicate that the central region of Exo1 is a functionally independent domain that negatively regulates the association of Exo1 with DNA damage and that the central region limits Exo1 damage association, apparently by suppressing the function of both the N-terminal and C-terminal domains. In addition to damage recruitment, deletion of the central region in Exo1 dramatically increases its nucleolar localization (compare GFP-Exo1(WT) with GFP-Exo1(⌬CR) in Fig. 1 ), although the functional significance of this observation remains to be determined.
14-3-3 Proteins Bind to the Central Region of Exo1-
The central domain of Exo1 might, in turn, be regulated by protein factors that bind to this domain and control Exo1 interactions with damaged DNA. The 14-3-3 family of dimeric proteins are attractive candidates that regulate a diverse array of cellular processes, including DNA damage response (37, 38) . It has been reported recently that EXO1 in budding yeast interacts with two 14-3-3 proteins and that these 14-3-3 proteins suppress the function of EXO1 in processing replication intermediates at stalled forks (32) . In the absence of 14-3-3s, extensive ssDNA structures accumulate behind replication forks, consistent with Exo1 activity, although this remains to be confirmed (32) . Human Exo1 interacts with at least six of the seven 14-3-3 human paralogs in a yeast two-hybrid assay. However, the functional significance of this interaction in DSB resection has not been determined (31, 32) .
To determine whether the central domain of Exo1 interacts with 14-3-3 proteins in human cells, we performed coimmunoprecipitation experiments in cells expressing FLAG-tagged Exo1(WT), Exo1(⌬CR), or Exo1(CR) in HEK293T cells using an anti-FLAG antibody. As shown in Fig. 2A , wild-type Exo1 asso-ciated with multiple isoforms of endogenous 14-3-3 proteins (detected with a pan-14-3-3 antibody) (31, 32) . The central region of Exo1 expressed in human cells was also associated with 14-3-3s, whereas deletion of the central region completely abrogated the interaction of Exo1 with 14-3-3s ( Fig. 2A ). Together, these data indicate that the central domain of Exo1 is both necessary and sufficient for the physical interaction of Exo1 with 14-3-3s.
Association with 14-3-3 Proteins Limits Exo1 Damage Recruitment-We next asked whether the interaction with 14-3-3 proteins restrains Exo1 damage association. Directly assessing the role of 14-3-3s in Exo1 damage association using knockdown or knockout approaches is very challenging because Exo1 interacts with at least six of the seven 14-3-3 proteins encoded by different genes in human cells, many of which are functionally redundant ( Fig. 2A) (31, 32, 39) . To circumvent this problem, we used Difopein, a potent peptide antagonist that specifically blocks the binding of all 14-3-3 isoforms to their target proteins (40, 41) . This antagonist contains two tandem Arg-18 peptide repeats that are connected by a flexible linker. The 20-mer Arg-18 was isolated as a non-phosphorylated peptide Negative Regulation of Exo1 in DNA End Resection by 14-3-3s MAY 8, 2015 • VOLUME 290 • NUMBER 19
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that binds and inhibits 14-3-3s (42) . Difopein is believed to function as an inhibitor by blocking two independent protein binding sites in the 14-3-3 dimer (40) . As a control, we generated a mutant form of Difopein with two key residues in each of the Arg-18 repeat (Asp-12 and Glu-14) mutated into lysine, which abolishes the interaction between Arg-18 and 14-3-3s (40) . To determine whether Difopein can indeed block the interaction of Exo1 with 14-3-3 proteins, we transfected mCherry, mCherry-Difopein(WT), or mCherry-Difopein-(MUT) into human cells expressing GFP-Exo1(WT), followed by coimmunoprecipitation using a GFP antibody. As shown in Fig. 2B , overexpression of mCherry-Difopein(WT), but not mCherry-Difopein(MUT) or mCherry alone, completely abrogated the association of GFP-Exo1(WT) with 14-3-3s.
To test whether the association of 14-3-3s with Exo1 regulates its recruitment to damage, we examined the effects of over-expression of mCherry-Difopein(WT), mCherry-Difopein(MUT), or mCherry on the damage association of GFP-Exo1(WT) in human cells after laser irradiation. Overexpression of mCherry-Difopein(WT) indeed drastically enhanced the damage association of GFP-Exo1(WT) compared with mCherry-Difopein-(MUT) and mCherry alone (Fig. 2C, top panel) . In contrast, mCherry-Difopein(WT) did not affect the damage association of GFP-Exo1(⌬CR), which lacks the ability to bind to 14-3-3s (Fig. 2, A and B and C, bottom panel) . These data strongly suggest that 14-3-3 proteins limit Exo1 damage association by binding to the central region of Exo1.
14-3-3s Suppress Exo1
Binding to PCNA-Because the Exo1 central domain suppresses the recruitment of its C-terminal domain to sites of damage ( Fig. 1) , it is possible that 14-3-3s interfere with Exo1 binding to PCNA as the primary mechanism of regulating damage association. In support of this idea, we found that FLAG-Exo1(⌬CR) exhibited a much higher level of PCNA-binding activity compared with FLAG-Exo1(WT) (Fig. 3A) . Moreover, overexpression of mCherry-Difopein-(WT), but not mCherry-Difopein(MUT) or mCherry alone, substantially increased the PCNA binding of FLAG-Exo1(WT) (Fig. 3B) . In contrast, mCherry-Difopein(WT) overexpression did not significantly affect the PCNA binding activity of FLAG-Exo1(⌬CR), which lacks the 14-3-3 interaction site (Fig. 3B) .
These results demonstrate that 14-3-3s restrain the damage recruitment of Exo1 by suppressing its interaction with PCNA. The central domain of Exo1 also suppresses the damage recruitment of Exo1(1-507) ( Fig. 1 ), suggesting that 14-3-3s may also counteract the damage localization function of the Exo1 N-terminal domain by another mechanism. The Central Region of Exo1 Restrains DSB Resection Activity-The suppression of Exo1 damage localization by its central domain ( Fig. 1 and 2 ) could down-regulate DSB resection activity. To test this, we used a cell-free NPE system derived from Xenopus eggs that faithfully recapitulates the DNA damage response in cells (43, 44) . A 3Ј 32 P-labeled, 6-kb dsDNA fragment was used as a substrate for DNA end resection. As shown previously, DNA end resection occurs on this dsDNA fragment in Xenopus NPE in the 5Ј-to-3Ј direction under proper control and can be visualized on agarose gels (33, 45) . As in cells, bulk DNA end resection in Xenopus NPE is carried out by the Exo1 (xExo1) and Dna2 (xDna2) nucleases acting in two parallel pathways (16, 18, 46, 47) . Correspondingly, immunodepletion of either xExo1 or xDna2 from NPE partially abolishes DNA end resection (33, 47) .
To investigate whether the central domain of Exo1 regulates resection activity in vitro, we first generated recombinant Exo1(WT)-His or Exo1(⌬CR)-His proteins using a baculovirus expression system (Fig. 4A) . These proteins exhibited the same level of exonuclease activity in vitro, which could be stimulated by PCNA to a similar extent, suggesting that the central domain does not regulate the intrinsic nuclease activity of Exo1 (Fig. 4,  B and C) . The corresponding catalytically inactive mutants of these proteins, Exo1(D173A)-His and Exo1(⌬CR-D173A)-His, purified under the same conditions, did not exhibit nuclease activity, authenticating the source of the nuclease activity in reactions containing Exo1(WT)-His or Exo1(⌬CR)-His (Fig. 4D ).
Next, we codepleted xExo1 and xDna2 from NPE and then added an equimolar amount of recombinant Exo1(WT)-His or Exo1(⌬CR)-His proteins to the depleted extract (Fig. 5A) . Consistent with the results obtained in human cells, more of the Exo1(⌬CR)-His protein was associated with a bead-immobilized DNA fragment compared with Exo1(WT)-His (Fig. 5B) . Correspondingly, a much higher level of DNA resection was observed for Exo1(⌬CR)-His compared with Exo1(WT)-His in reactions using a radiolabeled DNA substrate added to the double-depleted extracts (Fig. 5C) . These results directly demonstrate that the central domain of Exo1 limits DSB resection activity by restraining the association of Exo1 with damaged DNA.
14-3-3 Proteins Limit Exo1-mediated DNA End Resection-
We next asked whether 14-3-3s mediate the inhibitory effect of the Exo1 central domain on DNA resection activity. To address this question, we first examined DNA end resection in the Xenopus NPE supplemented with purified recombinant GST-Difopein(WT), GST-Difopein(MUT), or GST (Fig. 6A) . Consistent with the results obtained in human cells (Fig. 2B) , GST-Difopein(WT), but not GST-Difopein(MUT) or GST alone, added to the Xenopus extract blocked the interaction between xExo1 and 14-3-3s (Fig. 6B) . Consequently, GST-Difopein-(WT) increased DNA end resection activity in NPE, especially at the 20-min time point compared with reactions supplemented with GST-Difopein(MUT) or GST alone. These results indicate that 14-3-3s indeed negatively regulate DNA end resection in this cell-free system (Fig. 6C ).
Next we determined whether the Exo1 pathway underlies the observed effects of the 14-3-3 inhibitor Difopein on DNA end resection in the Xenopus extract. xExo1 was immunodepleted from the Xenopus NPE, and GST-Difopein(WT) or GST-Difopein(MUT) was added before measuring DNA end resection activity. In the mock-depleted extract, GST-Difopein(WT) enhanced DNA resection compared with GST-Difopein(MUT), whereas GST-Difopein(WT) had no effect on resection activity in the xExo1-depleted extract (Fig. 6D) . In contrast, depletion of Dna2 from the extract did not interfere with GST-Difopein-(WT) stimulation of DNA end resection (Fig. 6D) . These results indicate that 14-3-3s selectively regulate Exo1-mediated DNA resection without affecting the Dna2 resection pathway. In further support of this idea, Dna2 was not detectably bound by 14-3-3s (data not shown). Taken together, these data strongly suggest that Exo1 resection activity is selectively repressed by 14-3-3s. To further examine the mechanism by which 14-3-3 proteins negatively regulate Exo1-mediated DNA resection, we determined whether a physical interaction between 14-3-3s and the central domain of Exo1 is required for this regulation. To this end, we immunodepleted both xExo1 and xDna2 from the Xenopus extract and then added recombinant Exo1(WT)-His or Exo1(⌬CR)-His to the depleted extract. Subsequently, GST-Difopein(WT) or GST-Difopein(MUT) was added to the extracts, and the resection of a radiolabeled DNA fragment was monitored. As before, the addition of GST-Difopein(WT), but not GST-Difopein(MUT), dramatically increased DNA resection in the extract containing Exo1(WT)-His (Fig. 6E ). Resection activity was unaffected by GST-Difopein(WT) in the extract containing Exo1(⌬CR)-His (Fig. 6E) . These results show that interaction of 14-3-3s with the central domain of Exo1 functions to restrain the extent of Exo1-mediated DNA resection.
Regulation of Exo1 by 14-3-3s Is Important for Cell Survival after DNA Damage-Uncontrolled, excessive resection of DSBs may decrease cell viability. Therefore, we determined whether disruption of the repressive interaction between Exo1 and 14-3-3s would sensitize cells to DNA damage. To this end, we overexpressed mCherry-Difopein(WT) or mCherry-Difopein-(MUT) stably in control knockdown or Exo1 knockdown cells (Fig. 7A) somerase I inhibitor that induces DSBs mainly in S phase (48) . As shown in Fig. 7B , cells overexpressing mCherry-Difopein-(WT) exhibited increased levels of RPA phosphorylation at Ser-4/Ser-8 (a marker of DNA resection) after camptothecin treatment compared with cells overexpressing mCherry-Difopein(MUT). This result is consistent with the idea that a disruption of 14-3-3 function by Difopein increases DNA resection (Figs. 6 and 7B) (49, 50) . Depletion of Exo1 abolished the hyperphosphorylation of RPA caused by Difopein expression (Fig. 7B ). To determine whether functional disruption of 14-3-3s affects cell viability after DNA damage, we next performed a clonogenic assay to measure cell survival after DNA damage. Indeed, cells overexpressing mCherry-Difopein(WT) were more sensitive to camptothecin than cells expressing mCherry-Difopein(MUT) (compare a and d in Fig. 7C ). Importantly, this hypersensitivity was largely abrogated when Exo1 was depleted from cells (compare e and f with d in Fig. 7C ).
These results collectively suggest that negative regulation of Exo1 resection activity by 14-3-3s is important for cell survival after DNA damage.
DISCUSSION
This study has uncovered key elements of a mechanism for controlling Exo1-mediated DNA resection, an activity that is required for both DNA repair and checkpoint activation after DSB damage (Fig. 7D ). Our data indicate that Exo1 function in DNA resection is regulated both positively and negatively through protein-protein interactions. Although association with PCNA promotes Exo1 damage retention and its processivity in resection, interaction with 14-3-3 proteins represses the association of Exo1 with damaged DNA and resection activity (Figs. 1, 2 , and 4 -6) (33). The mechanism by which 14-3-3s restrain Exo1-mediated DNA resection is achieved, at least in part, by interfering with Exo1 binding to PCNA (Fig. 3 ). This coordinated regulation ensures efficient, but limited, DNA end resection that is crucial for genome maintenance and cell survival after DNA damage (Fig. 7) .
We have shown previously that, after DSB damage, the ringshaped DNA sliding clamp PCNA loads onto DNA ends and binds directly to the PCNA-interacting protein box in the C terminus of Exo1, tethering Exo1 to damaged DNA and, thereby, increasing its processivity during resection (33) . This positive regulation ensures the efficient resection that is required for the timely activation of HR and the ATR checkpoint. Although insufficient resection hinders HR and ATR activation, overresection can have several undesirable consequences. Excessive ssDNA generated by hyperresection may exhaust the pool of RPA protein. Exposure of the unprotected 3Ј ssDNA may result in further damage, leading to genomic instability with a possible loss of genetic information (19, 51) . The combined activities of Exo1 and Dna2 have the potential to cause extensive resection of DNA that must be effectively controlled to promote efficient repair with minimal DNA sequence loss. The results described in this study revealed that 14-3-3 proteins play a key role in limiting DNA resection by Exo1. Through direct binding to the central domain of Exo1, 14-3-3s restrain Exo1 damage association and subsequent DNA resection ( Figs. 1, 2, 5, and 6 ). Mechanistically, we found that 14-3-3s limit Exo1 damage recruitment and resection by suppressing Exo1 binding to PCNA (Fig. 3) . Reduction in PCNA binding may be achieved directly through conformation changes in Exo1 or indirectly through Exo1 modification or interaction with other protein factors upon 14-3-3 binding. Because 14-3-3 proteins do not localize to sites of DNA damage (data not shown) and because 14-3-3 (which interacts with Exo1 (31)) did not affect the nuclease activity of recombinant Exo1 in vitro (data not shown), we suggest that 14-3-3s do not modulate the nuclease activity of Exo1 at the sites of DNA damage but, instead, decrease the recruitment and retention of Exo1 at sites of DNA damage.
Our finding of the negative regulation of Exo1 resection by 14-3-3s is consistent with a recent genetic study by Engels et al. (32) in budding yeast, which shows that Exo1-mediated processing of stalled replication forks is suppressed by 14-3-3 proteins in this organism. Deletion of the two 14-3-3 genes in yeast results in an Exo1-dependent accumulation of ssDNA gaps behind replication forks, suggesting that Exo1 resection activity is also kept in check by 14-3-3s during replication (32) . Although the general role of Exo1 in DNA resection is conserved in yeast and vertebrates, there are significant organismal differences in Exo1 regulation. For example, the 14-3-3-binding region of human Exo1 is not conserved in the budding yeast Exo1 protein. Moreover, although PCNA directly binds Exo1 and promotes Exo1 damage association and resection in vertebrates, no PCNA-binding motifs have been identified in yeast Exo1 (33, 52) . Interestingly, yeast and human Exo1 both are regulated by another DNA clamp, the 9-1-1 complex, by an unknown mechanism (52, 53) . Many other candidate regulators of Exo1 function in DSB resection have been identified, including MRN, CtIP, Ku, RPA, SOSS1, BLM, SWR1, ATM, ATR, Rad53, and CDK, in human cells or in yeast, either directly or indirectly (28 -32, 54 -67) . The identification in this study of the key functional domains in Exo1 and their direct binding partners has provided a mechanistic framework for understanding the coordination of these Exo1 regulators in controlling DNA resection. In contrast to Exo1, we obtained no evidence that the Dna2 pathway is regulated by 14-3-3s ( Fig. 6 ).
Recent studies indicate that Dna2 resection activity is instead suppressed by FANCD2 in human cells, RAD9 in budding yeast, and Pxd1 in fission yeast, either directly or indirectly (68 -70) . It remains to be determined how these two pathways are coordinately regulated to ensure the proper level of DNA resection during DSB repair.
The strict regulation of cellular nucleases is crucial for accurate DNA repair and cell survival (71) . Our results demonstrate that regulation of Exo1 resection by 14-3-3s is important for cell survival after DNA damage (Fig. 7C ). The decreased cell viability in the absence of 14-3-3-mediated regulation of Exo1 may result from toxic aberrant repair products following uncontrolled DNA end resection or from decoupling of homologymediated repair from DNA resection ( Figs. 6 and 7) . Previous studies in yeast and mice indicate that deletion of Exo1 can rescue various phenotypes that result from functional disruption of the checkpoint kinase Rad53 or telomerase, such as DNA damage hypersensitivity, chromosomal instability, and aging (25) (26) (27) (28) (29) (30) . It will be important to determine whether uncontrolled Exo1 resection contributes to these phenotypes and whether 14-3-3 regulation plays a role in these contexts. Our results also suggest that the DNA end resection process can be exploited for cancer treatment. Given the replication stress and genomic instability in many cancers, it can be envisioned that small molecule inhibitors that specifically target the interaction of 14-3-3 proteins with Exo1 might be effective as chemosensitizers for cancer therapy.
